The purpose of this paper is to find out quantitatively the relationship between the surface shape and the mechanical properties of corroded reinforcement. Three-dimensional measurements were carried out on the surface shape of variously corroded reinforcements and parameters expressing the characteristics of the shape, which included the maximum decrement of sectional area of reinforcement, its distribution along the axis and the power spectral density by the Fourier Transformation. It was investigated that which parameters could correspond to the mechanical properties of corroded reinforcement and it was confirmed that the maximum decrement of sectional area of reinforcement could express the mechanical properties most appropriately. Finally, this paper proposes a constitutive model of corroded reinforcement for analyzing the structural behavior of reinforced concrete structures considering the localized corrosion of reinforcement by finite element method.
Introduction
Corrosion of steel reinforcement in concrete takes various patterns under the effects of various factors.
1-3) Such nonuniform corrosion patterns make it difficult to accurately grasp the effects of reinforcement corrosion on the structural performance of reinforced concrete members and reflect such effects to performance-oriented design or a maintenance program. Also, when assessing the performance of reinforced concrete members having corroded reinforcement by FEM analysis, the mechanical performance of corroded reinforcement as such is vital in the analysis. 4) The corrosion pattern, which is determined by the distribution of the corrosion degrees of bar segments, is expected to have a significant effect on the yield point and subsequent strain hardening properties of corroded reinforcement.
Past studies on the localized corrosion of reinforcement and the resulting losses in its mechanical performance and losses in the structural performance of concrete members have primarily focused on pitting corrosion due to microcell corrosion, such as chloride-induced corrosion. These studies have evaluated corrosion by parameters expressing the uniform shapes/patterns of reinforcement, such as pitting factors and average cross-sectional area (CSA) loss. [5] [6] [7] [8] On the other hand, few studies have dealt with localized corrosion concentrated on limited areas due to macrocell corrosion. Quantitative evaluation of the patterns of localized corrosion including pitting corrosion has scarcely been conducted to investigate their effects on the mechanical properties of reinforcement. 9) With this as a background, this study aims to measure the shapes of corroded reinforcing bars, extract parameters to express the characteristics of the shapes/patterns, and quantitatively grasp the relationship between the corrosion patterns and the mechanical properties of reinforcement. In other words, the cross-sectional shapes of corroded reinforcing bars are measured along the bar axis, which are expressed as changes in the CSA loss along the bar axis, to determine their power spectral densities through Fourier transformation for frequency analysis. Also, in light of these results, the relationship between the distribution of CSA losses and the post-yielding strain hardening is grasped to propose a constitutive model of corroded reinforcement for assessing the mechanical properties of reinforced concrete members incorporating localized corrosion by FEM analysis.
Outline of Experiment

Factors and Levels
The factors and levels of experiment were set as given in 3) and Takafumi NOGUCHI 4) ated corrosion was induced to deformed and round bars by electrolytic corrosion and chloride corrosion to obtain different corrosion patterns to CSA loss levels of 3 to 30 % on average. Electrolytic corrosion and chloride corrosion assume uniform corrosion due to carbonation and pitting corrosion due to chloride attack, respectively. Cracks were also induced for each set of corrosion conditions, assuming the case where corrosion locally becomes prominent by macrocell corrosion.
Fabrication of Specimens in Concrete
Specimens in concrete were fabricated using SD295 bars and concrete proportioned as given in Table 2 with a watercement ratio of 55 % and sand-total aggregate ratio of 46 %. The geometry of specimens is as shown in Fig. 1 . For chloride corrosion specimens, 6 kg/m 3 of sodium chloride were added to concrete. Excepting the central part with a length of 8D (Dϭbar diameter) for mechanical performance evaluation, both ends of each bar were protected from corrosion with heat-shrinkable rubber and packing tape.
Concrete specimens were water-cured for 28 d. Prior to the corrosion acceleration process, specimens to be precracked were subjected to alternate loading to induce a through crack with a width of less than 0.4 mm in concrete, in which shims were inserted to maintain the crack width until the end of the corrosion acceleration period. As shown in Fig. 1, 2-3 cracks were caused per specimen and the crack intervals were approximately less than 3 cm even though there were some deviations among individual specimen.
Accelerated Corrosion of Reinforcement
The method of accelerated corrosion through chlorideinduced corrosion takes 7 d as 1 cycle. Specimen was put into the 3 % NaCl solution for 2 d and then were exposed to the condition of high temperature/hight humidity (70°C-RH 95%, 2 d) and high temperature/low humidity (70°C-RH 50%, 3 d) in a container of constant temperature and humidity. After that, the method of accelerated corrosion was repeatedly conducted at 7 d per cycle.
Test Methods for Mechanical Properties of Rein-
forcement For the evaluation of the mechanical performance of recovered reinforcing bars, test pieces were prepared in accordance with JIS Z 2201 (Test pieces for tensile test for metallic materials) and tested in accordance with JIS Z 2241 (Method of tensile test for metallic materials). A polymer adhesive was applied to the surfaces of corroded bars to smooth the surfaces for gluing strain gauges to measure the strain of divided segments between the gauge marks as shown in Fig. 3 along with the overall elongation of test pieces. This measurement of segmental strain is intended to grasp the mechanical performance of corroded bars with particularly large scatter of the local degrees of corrosion and evaluate the effect of corrosion patterns on the mechanical properties of reinforcing bars.
Measurement of Surface Shapes of Corroded Bars
The surface shapes of corroded bars were measured using a probe contact 3-D profilometer.
10) The shapes of sound portions at the ends of the bars were also measured, so that the corrosion depth and CSA of corroded portions can be calculated. The measurement intervals were 0.2 mm and 0.5 mm on the X axis and Z axis (direction of bar axis), respectively, and 0.025 mm in the Y axis (corrosion depth direction) because of the working of the profilometer. There was concern that the probe could slip when it came into contact with the curved surfaces of corroded bars, reducing the data precision. A device for fixing the bars was therefore fabricated, in which the bars were held during measurement and turned 45°after each run. The appliance to fix reinforcement which is used when measuring surface shape of corroded reinforcement is presented in Fig. 4 .
The surface shapes of each bar were measured in the axial direction of the bar as shown in Fig. 5 . However, as the coordinates of each point on the bar surfaces measured are not those based on the cross-sectional center of the bar, the disagreement of the axes of measurement and the bar caused minute misalignments in the X and Y directions. It was therefore decided to determine the coordinates of corroded portions based on those of sound portions. The coordinates of the cross-sectional centers were thus determined at both ends of each bar, based on which the misalignments were rectified. In other words, the central coordinate (OЈ(X 0 , Y 0 ) was determined by selecting three arbitrary points measured on a periphery of each sound portion (10 mm from both ends of the bar), (X 1 , Y 1 ), (X 2 , Y 2 ) and (X 3 , Y 3 ), and solving the simultaneous equation (Eq. (1)) on the assumption that the distances from the three points to the center of the bar are the same.
Also, the angles generated from the misalignments of the X and Y axes were calculated to determine the coordinates of the cross-sectional centers of the bar at all measuring points along the bar axis. The axis was then transferred from the origin of the profilometer (point O) to the crosssectional center of the bar, and the coordinates of the measuring points at each position were determined based on the cross-sectional center of the bar.
In order to integrate the data measured while rotating the bar by 45°as shown in Fig. 6 , the coordinates were transformed using Eq. (2) to ensure the continuity of the measurements, thereby determining the cross-sectional shape of the bars as shown in Fig. 7 .
XЈϭX cos 45°ϩY sin 45°, YЈϭY cos 45°ϩX sin 45°... (2) 3. Quantification of Corrosion Patterns 3.1. Cross-sectional Area Loss and Pitting Factor Table 3 gives a part of the CSA losses and pitting factors, with their distributions being shown in Fig. 8 . The average CSA loss, maximum CSA loss [(Maximum value of CSA loss of corroded bar)/(CSA of sound bar)ϫ100 %], and pitting factor [(Depth of the deepest corrosion pit)/(Average penetration)] were calculated based on the distributions of CSA loss and depth of penetration.
Figures 9 and 10 show the average and maximum CSA loss of rebars and the average CSA loss and pitting factor.
As shown in Fig. 9 , in corroded bars, the maximum CSA loss was found to be 1.8 times the average CSA loss (2.06 times and 1.40 times by electrolytic corrosion and chloride corrosion, respectively). As is evident from these results, the CSA of corroded bars is expected to locally decrease to a significant extent in the case where macrocell corrosion occurs under actual conditions. 11.12) In regard to the effect of cracking on reinforcement corrosion, corrosion began from near the crack in specimens having a crack, 13) tending to become prominent near the crack in an early stage. However, portions with a locally high rate of corrosion then appeared even in crackless specimens due to quality fluctuations in concrete, etc., obscuring the difference from precracked specimens.
As shown in Fig. 10 , the pitting factor of chloride-corrosion specimens ranged from 4 to 8 where the average CSA loss was 3 to 20% but exceeded 10 where the average CSA loss was 3 % or less.
Frequency Analysis of Corrosion Patterns by
Fourier Transformation Fourier transformation is often used when evaluating the complexity of a periodic structural pattern or when analyzing a function expressed as a composite of sinusoidal waves having different frequencies into frequency components to grasp its characteristics. 14, 15) Though frequency analysis by Fourier transformation is most commonly used for 1-D electrical signals, spatial frequency analysis was applied in this study to the distribution of the CSA loss in the direction of the bar axis shown in Fig. 8 . When the CSA loss, y, at a measuring point, x, in the distribution of CSA losses along the bar shown in Fig. 8 is assumed to be f(x) , the Fourier transformation for the 1-D data is expressed as Eq. F(k) in this equation corresponds to a coefficient in the Fourier series for f(x). |F(k)| is referred to as an amplitude spectrum, and the power spectrum,
. Also, k expresses the frequency in the direction of the bar axis, and F*(k) is the complex conjugate of F(k). In this study, the power spectral density (PSD) was determined using discrete Fourier transformation software. Figure 11 shows the PSD determined from the distributions of CSA losses of corroded bars shown in Fig. 8 by Fourier transformation. The PSD at the low frequency range of corroded bars became greater with a large CSA loss, and the slope of the PSD in the low frequency range increased as the number and/or length of portions with a prominently large CSA loss decreased. Figure 12 shows the distribution of the CSA loss for each segment of a corroded bar (A to E) and the stressstrain curves of the segments. This figure reveals that the yield point differs from one segment to another, and that the yield point of the entire bar is determined by the yielding of the segment with the largest CSA loss. As shown in Fig.  13 , the corrosion-induced changes in the yield point ratio (yield point of corroded bar/yield point of sound bar) are more strongly correlated with the maximum CSA loss than with the average CSA loss. 16, 17) The mechanical properties of corroded reinforcing bars are therefore assessed in terms of the maximum CSA loss in this study.
Mechanical Properties of Corroded Reinforcing Bars
Stress-Strain Relationship of Corroded Bars
Relationship between Corrosion Pattern and
Strain Hardening Properties Figure 14 shows the relationship between the post-yielding strain and the stress ratio to the yield point. As stated above, it is known that the yield point of corroded reinforcement is closely related to its maximum CSA loss. Corroded reinforcement is also known to show strain hardening behavior immediately after yielding. Its strain hardening ratio is affected not only by the maximum CSA loss but also by the bar corrosion pattern. Figure 14 reveals that the strain hardening ratio particularly increases as the PSD value of the CSA loss distribution increases and as its slope in the low frequency range increases. Figure 15 shows the slope of the stress-strain curve in the yield zone of corroded bars related to the slope of the PSD of the CSA loss distribution and to the maximum CSA loss. Either of the graphs shows correlation with the slope in the yield zone, which expresses the strain hardening characteristics of corroded reinforcement. Both are therefore usable as parameters for assessing the strain hardening properties of corroded bars. The correlation with the maximum CSA loss is particularly strong.
Relationship between Maximum CSA Loss and
Mechanical Performance Figures 16 to 18 show the maximum CSA loss of corroded reinforcement related to the strengths (tensile strength, starting point of strain hardening, and yield point), strain at the tensile strength point, and Young's modulus, respectively. The maximum CSA loss is strongly correlated with the reductions in the mechanical performances of reinforcement. The reduction ratios of the mechanical performances other than the strength at the starting point of strain hardening were greater than the increase ratio of the maxi- mum CSA loss. As shown in Fig. 17 , the reduction ratio of the strain at the tensile strength point was particularly great. Also, the degree of lowering of the yield point with the increase in the maximum CSA loss widely differs from the degree of lowering of the starting point of strain hardening as shown in Fig. 16 . The yielding of corroded reinforcement is characterized by the beginning of yielding in a small range that shows the maximum CSA loss and the subsequent progressive spread of the range of yielding over the entire bar. The yield point is therefore closely related to the maximum CSA loss. In contrast, the strength at the starting point of strain hardening is considered to be related to the CSA loss of the finally yielding zone. This is presumably the reason for the smaller lowering of the starting point of strain hardening than the lowering of the yield point resulting from the increase in the maximum CSA loss. Also, the post-yielding strain hardening ratio is greater in bars with a smaller zone of the maximum CSA loss, presumably because the maximum CSA loss has a stronger effect on the strain hardening ratio than the average CSA loss.
Based on these results and discussion, the authors present five equations for calculating the mechanical performances of corroded reinforcement with respect to the values of sound reinforcement as Eqs. (4) to (8) . In this, W max indicates the maximum CSA loos ratio for reinforcement with 10 cm of corroded section and it can be changed as corroded part changes. However, in this study, factor model for bear reinforce- (8) where DW max is maximum CSA loss, E cs and E ss are Young's moduli of corroded and sound reinforcement, respectively (N/mm 2 ), F cu and F su are yield point strengths of corroded and sound reinforcement, respectively, and e cu and e su are strains at tensile strength points of corroded and sound reinforcement, respectively.
Stress-Strain Relationship Model for Corroded Reinforcement
Existing Models
When assessing the load-bearing capacity of a reinforced concrete member by finite element analysis, it is necessary to establish a constitutive model for each of the mechanical performance of reinforcing bars, mechanical performance of concrete, and the bond performance of reinforcement and concrete. In a universal finite element analysis program, the constitutive model for the mechanical performance of reinforcement, which is the stress-strain relationship of reinforcement, is generally given as a bilinear or multilinear form.
In the case of a bilinear model, the plastic flow is mostly expressed by setting the second-order rigidity at 1/100 or 1/1000 of Young's modulus as shown by Model 1 in Fig.  19 . Another model has been proposed by Shima et al., 18) which was derived by formulating the strain at the starting point of strain hardening and the subsequent stress-strain curve using the yield point and tensile strength as the parameters based on test values (Model 2 in Fig. 19) .
By the bilinear model (Model 1), an increase in Young's modulus of reinforcement (first-order rigidity) is concomitant with an increase in the second-order rigidity. This model is therefore applicable to sound reinforcement. A common bilinear model cannot be applied to corroded bars as it is, since when Young's modulus of a corroded bar decreases due to a reduction in its CSA, its second-order rigidity does not decrease, conversely tending to increase as shown in Fig. 20 . Model 2 is also inapplicable to corroded bars as such, since it is only applicable to the case where the starting point of strain hardening coincides with the yield point.
Constitutive Model for Corroded Bars
In a corroded bar, local corrosion concentration generates a region having the maximum CSA loss, and the distribution of cross sections is not uniform. For this reason, a corroded bar shows behavior similar to strain hardening immediately after yielding as shown in Figs. 12 and 14 . A zonal exponential model (Eqs. (9) to (11)) was therefore derived in this study as a constitutive model, referring to Model 2 proposed by Shima et al. shown in Fig. 19 .
( starting point of strain hardening, which are expressed by Eqs. (10) and (11) . The strain hardening ratio in this model is determined by coefficients K 1 and K 2 , both of which are strongly correlated with the maximum CSA loss regardless of the reinforcement type and corrosion-inducing method as shown in Figs. 21 and 22. Figure 23 expresses the stress-strain relationships of corroded reinforcement expressed by the exponential function model proposed by the authors in this study (hereafter referred to as the improved exponential function model) compared with those expressed by bilinear models. The improved exponential function model is found to accurately agree with the test results regardless of the corrosion pattern and degree of reinforcement. The stress-strain relationship of reinforcement even in a significantly advanced stage of corrosion with a maximum CSA loss of 45 % can be expressed to the point of maximum stress by the improved exponential function model.
Conclusions
Three-dimensional shape analysis of corroded steel reinforcement was conducted to extract parameters for expressing the corrosion patterns, thereby examining the correlations between these parameters and the stress-strain relationship of corroded reinforcement. A constitutive model of corroded reinforcement for use in FEM analysis was also formulated. As a result, the following were found:
(1) The maximum cross-sectional area loss of corroded reinforcement was 1.8 times the average cross-sectional area loss. Local corrosion concentration was more significant and the maximum cross-sectional area loss was greater in reinforcement subjected to electrolytic corrosion assuming macrocell corrosion than in reinforcement subjected to uniform chloride corrosion.
(2) Strong correlation was confirmed between the maximum cross-sectional area loss and the mechanical performance of corroded reinforcement. The mechanical performance of corroded reinforcement is more accurately estimated by the maximum cross-sectional area loss than by the average cross-sectional area loss.
(3) For reinforcement with a greater maximum crosssectional area loss and a smaller region of localized corrosion, the yield point is lowered to a greater extent than the lowering of the starting point of strain hardening due to corrosion, causing the strain hardening ratio to be evaluated higher.
(4) The authors proposed an improved exponential function model that can express the stress-strain relationship of corroded reinforcement. This model was proven to be capable of adequately expressing the test results.
